Three-body force effects have been studied in neutron-deuteron scattering at 95 MeV. Three different experiments, performed with different experimental setups, have been used to provide data covering the full angular distribution with unprecedented precision in the region of the cross section minimum, where three-nucleon forces are expected to be significant. The use of different 
the CHPT framework at next-to-next-to-leading order implicitly include 3N forces [15, 16] . Calculations at the next higher order were made recently [17, 18] , allowing for instance an excellent description of NN phase shifts.
Experimental investigations of three-nucleon systems are essential for determining the properties of 3N forces. Besides the 3 H and 3 He binding energies, a number of observables that may reveal the effects of 3N forces have been identified. We will concentrate our discussion to nucleon-deuteron scattering in the energy range 65−250 MeV. At these energies, significant 3N-force contributions can potentially be seen in the elastic scattering angular distribution [19, 20] as well as for various spin-transfer observables in elastic scattering [7] . In addition, observables in the break-up process in various kinematical configurations are also expected to provide signatures of 3N forces [21, 22] . Existing proton-deuteron elastic scattering data between 65 and 250 MeV can be found in Refs. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , and proton-deuteron break-up data in Refs. [36] [37] [38] [39] [40] . Except for Refs. [23, 26] , these data were obtained with polarized beams, and polarization observables could be extracted. Comparison of experimental analysing powers with theoretical predictions show a puzzling picture where data and predictions agree only partially with each other. Many of these results call for a better understanding of the spin structure of the three-nucleon forces: possible solutions could be a refinement of the 3N force terms in CHPT [15] or the introduction of new types of diagrams in the 3N potentials [41] . While polarization observables are extremely valuable especially for studying the details of the 3N interactions, in order to validate the whole approach of introducing 3N forces at all, an observable that would give a clear and unambiguous signal is desirable. As pointed out in, e.g., Ref. [19] , the differential cross section of nucleon-deuteron elastic scattering is expected to reveal substantial effects of 3N forces in the minimum region of the angular distribution. This can be understood in the following way: the contributions from NN interactions are strongly forward and backward peaked, while the contributions from 3N interactions should be roughly isotropic. Thus, the 3N-force contribution to the cross section would be particularly significant relative to NN interactions in the angular range of the cross-section minimum. Around 100 MeV, the effect of 3N forces is expected to increase the cross section by about 30% in the minimum, as predicted [19] by Faddeev calculations including the Tucson-Melbourne 3N force [8] with parameters adjusted to the triton binding energy.
Thus, both neutron-deuteron (nd) and proton-deuteron (pd) elastic scattering differential cross sections should provide robust investigations of 3N forces. The existing pd elastic scattering data [23] [24] [25] [26] [27] [28] [29] [32] [33] [34] tend to show the expected effects in the cross-section minimum: the descriptions are generally improved when taking 3N forces into account. The contribution from the Coulomb interaction in pd scattering is not known with certainty to be negligible in the minimum region, thus complicating the interpretation of these results. Recent calculations suggest that Coulomb interactions should not result in significant effects in the minimum of the pd elastic scattering angular distribution above 65 MeV [42, 43] . The question of Coulomb effects−and thus also the question of 3N force effects−can be definitively settled by nd scattering experiments. There are nd data at 67 MeV [44] consisting essentially of an analyzing power measurement. Three nd experiments at 95 MeV, previously reported in Refs. [45] [46] [47] , agree well with the predictions including 3N forces. Existing data at 152 MeV [48] give the same picture. Recent data at 250 MeV [49] , together with pd data at the same energy [33] , reveal an effect in the cross-section minimum which is too large to be accounted for by any theory. At such large energies, part of the explanation for this failure could be the lack of a full relativistic treatment in the calculations. Pioneering studies [50, 51] show that relativistic effects are expected to increase the cross section in the region of backward angles at large energies. At 95 MeV, the energy of the present work, such effects are not expected to contribute significantly.
In the present work, data from three nd scattering experiments are presented. By detecting either the scattered neutron or the recoil deuteron, we were able to cover the angular range from 15 to 160 degrees in the c.m. system. By using two different detector setups in various configurations, we could keep the systematic uncertainties under control. Additionally, by measuring the neutron-proton (np) scattering differential cross section and, in the case where scattered neutrons were detected, also elastic scattering in carbon (i.e., the 12 C(n,n) reaction), the systematic error due to uncertainties in the normalization factors was minimized.
The present np data give supplementary information about the np angular distribution at 95 MeV (for previous data, see, e.g., Refs. [52, 53] ). In many experiments, neutron cross sections are measured relative to the np cross section [53] , i.e., it is used as a cross-section standard. Neutron-proton scattering plays an important role in nuclear physics, since it can be used to validate NN potentials and to derive a value of the absolute strength of the strong interaction. The extensive database of np differential cross sections is not always consistent and, not unrelated, there are still problems with the determination of a precise value of the πNN coupling constant [6, 54, 55] .
In the nd experiment where the scattered neutrons were detected, we could also obtain elastic scattering angular distributions for carbon and oxygen at 95 MeV, which are not discussed further here. Besides their interest in fundamental nuclear theory, these data are relevant for medical treatment of tumors with fast neutrons as well as in dosimetry, since the human body contains significant amounts of carbon and oxygen. Recoil nuclei from elastic and inelastic scattering are expected to account for more than 10% of the cell damage, the rest being mainly due to np scattering and neutron-induced emission of light ions [57, 58] . The oxygen data may also be relevant for future incineration of nuclear waste in subcritical reactors fed by a proton accelerator, where the nuclear fuel might be in oxide form. These data were obtained as by-products of the target handling, e.g., due to the use of heavy water as deuterium target.
Experimental procedure

Neutron beam and detector setups
A full account of the experimental details and analysis procedures have been published in Ref. [47] , and only an introduction is presented here. The present experiments were performed with the two experimental setups MEDLEY [59] and SCANDAL [60] at the neutron beam facility (before upgrade, see Fig.  1 ) at The Svedberg Laboratory in Uppsala, Sweden. This facility has been described in detail in Ref. [60] , and therefore only a brief outline will be given here. The neutrons were produced with the 7 Li(p,n) 7 Be reaction, using a 98 J. Blomgren et al.
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MeV proton beam of about 5 μA hitting an 8 mm thick neutron production target consisting of lithium enriched to 99.98% in 7 Li. The resulting neutron spectrum consisted of a high-energy peak at 94.8±0.5 MeV with an energy spread of 2.7 MeV (FWHM) and a low-energy tail which was suppressed by time-of-flight techniques. After the production target, the proton beam was bent into a well-shielded beam dump where the beam current was integrated in a Faraday cup for relative beam monitoring consistency checks. At the MEDLEY target position 9.15 m after the neutron production target, the neutron beam was about 8 cm in diameter and had an intensity of about
At the SCANDAL target position 10.70 m after the lithium target, the beam was about 9 cm in diameter and had an intensity of about
The neutron beam was transported in a vacuum system which was terminated with a 0.1 mm thick stainless steel foil at the exit of the MEDLEY chamber. Immediately after the foil, two fission detectors were mounted for relative monitoring of the neutron fluence: one monitor was based on thin-film breakdown counters (TFBC) [61] and the other one, which was more stable and had much better statistics, on an ionization chamber (ICM). The MEDLEY target, the vacuum chamber exit foil, and the neutron monitors were thin enough to consider the neutron beam as negligibly affected.
The MEDLEY vacuum chamber is a cylinder of 80 cm inner diameter. Targets were mounted onto frames attached to the center of the ceiling, with a remote control allowing to switch between up to three different frames without opening the vacuum chamber. Eight telescopes were placed on rails emerging radially at 20
• separation from each other on a rotatable table. Two silicon detectors and one CsI detector could be mounted inside each telescope. Thin (50 or 60 μm thickness) and thick (400 or 500 μm thickness) silicon detectors were available. The CsI crystals were thick enough to detect protons with energies up to 110 MeV. This combination of silicon detectors and CsI crystals allowed light ion detection, identification and energy measurement in the energy range 3−110 MeV. In order to define precisely the active detection area (and solid angle), either active plastic scintillators or passive aluminum rings were used as collimators. A full description of the MEDLEY setup is given in Ref. [59] .
The SCANDAL (SCAttered Nucleon Detection AssembLy) setup, previously described in Ref. [60] , consists of two identical arms that can be positioned on either side of the beam and rotated around the target position. Each SCANDAL arm was equipped with a 2 mm thick veto scintillator for charged-particle rejection, two converter scintillators of 20 mm and 10 mm thickness for neutron-proton conversion, a 2 mm thick ΔE plastic scintillator for triggering, two drift chambers (DCH) giving two horizontal and two vertical coordinates for proton tracking, another 2 mm thick ΔE plastic scintillator for triggering, and an array of twelve CsI detectors that defined twelve angular bins. The CsI detectors as well as the plastic scintillators were read out by photomultiplier (PM) tubes. The CsIs had one PM tube each, and the scintillators two each, mounted adjacent to each other on one of the longer, horizontal sides. The proton energy resolution was on average 3.7 MeV (FWHM) [60] , varying between the individual CsI crystals due to internal properties of the detectors. The setup could be used for direct detection of protons or deuterons coming from the target by simply removing the veto and converter scintillators. This option allowed to measure np and nd elastic scattering at backward angles. In proton/deuteron detection mode, a multitarget (MTGT) box permitted to use up to seven targets at the same time, sandwiched between multiwire proportional counters (MWPCs). In this way it was possible to determine in which target the reaction took place and to veto charged particles in the beam.
Results and discussion
The final results for np and nd scattering, recently reported in Refs. [45] [46] [47] , are shown in Fig. 2 . The nd differential cross section is shown in the middle panel. For the data in proton/deuteron detection mode, the ratio of nd to np− a quantity which is independent of the absolute normalization−is plotted in the bottom panel as a function of the proton/deuteron angle in the laboratory.
The np data are valuable in the sense that they increase the database in the intermediate energy region, where the systematic uncertainties are not always under satisfying control. Many applications involve measurements relative to the np cross section, and new data are therefore most welcome. The np data from the three present experiments are in good overall agreement with each other and with predictions based on modern NN interactions. This allows us to validate the quality of the nd data since the np and nd differential cross sections were measured under essentially the same conditions.
The nd data agree well with each other in the regions where they overlap. We can compare them with Faddeev calculations using various NN potentials, and see if the description is improved when including 3N potentials. The curves obtained with the CD-Bonn NN potential [4] including (dashed line) and not including (solid line) the Tucson-Melbourne 3N potential TM99 [9] are shown in Fig. 2 . Predictions obtained with the Argonne AV18 NN potential [2] and the Nijmegen potentials Nijm1 and Nijm2 [5] , which can also be combined with the TM99 3N potential, are not shown in Present nd data AV18 AV18 + TM99 AV18 + Urbana IX CHPT Figure 3 : The present nd data (filled dots) in the angular range 80
• . The solid, dashed, and dotted curves were obtained from Faddeev calculations with the Argonne AV18 potential [2] without 3N forces, with the Tucson-Melbourne (TM99) 3N potential [9] , and with the Urbana IX 3N potential [11] , respectively. The gray band was obtained from chiral perturbation theory at next-to-next-to-leading order [15] . this figure since they give very similar predictions. In the minimum region, our data are well described by the Faddeev calculations including the TM99 3N potential, while they are incompatible with the same calculations without 3N forces. This behavior is also observed when considering the ratio of the nd to the np cross sections (bottom panel of Fig. 2) , which is free from normalization uncertainties. The AV18 potential can also be combined with the Urbana IX 3N potential [11] . The curve obtained with this choice for the 3N force (shown as a dotted line in Fig. 3) gives a different description than the curve obtained with the TM99 3N potential (dashed line). The theoretical prediction obtained from CHPT at next-to-next-to-leading order [15] is shown as a gray band in Fig. 3 .
It is quantitatively illustrative to compute the reduced χ 2 between our data and the calculations for the nd differential cross section in the minimum, i.e., in the angular range 80
• < θ c.m. <160
• (the 17 data points shown in Fig.  3 ). The reduced χ 2 for different choices of the potentials used in the Faddeev calculations are listed in Table 1 . When no 3N forces are included, the χ 2 are unreasonably large, in minimum 18. The best description is given by the CD-Bonn potential (version 1996) with the TM99 3N force, with a χ 2 of 2.1. With the AV18 potential, the nd differential cross section is slightly better described with the TM99 3N potential (χ 2 = 2.3) than with J. Blomgren et al.
Three-body forces in nd scattering the Urbana IX potential (χ 2 = 3.5). The CHPT prediction at next-to-nextto-leading order gives a χ 2 of 6.5 (not given in the table). Note that the deviations from unity may be partly due to the normalization uncertainties in the data [46] . For this reason, the ratio of the nd differential cross section to the np differential cross section− in this ratio, many sources of uncertainties (including the uncertainty in the absolute normalization) are cancelled out−is a more practical observable for testing the models. The reduced χ 2 between our data (for the 13 data points shown in the bottom panel of Fig. 2 ) and calculations using different NN and 3N potentials for nd scattering are listed in Table 2 . When the ratio is considered, the AV18 potential combined with Urbana IX gives a near-perfect description (χ 2 = 1.2), and the best description is still given by CD-Bonn (1996) + TM99 (χ 2 = 0.6). The present nd data can be compared with pd data at the same energy to examine the effects of the Coulomb force in pd scattering (see Fig. 4) .
At 250 MeV, precise nd and pd data have been published, allowing a detailed analysis of Coulomb effects [62] . The data deviate significantly from J. Blomgren et al.
Three-body forces in nd scattering Figure 4 : The ratio of nd and pd scattering cross sections at 95 MeV (filled symbols).The error bars display the full uncertainty, statistical and systematical, with respect to the nd data. An additional 5 % uncertainty should be attributed to the pd data. The pd data have been measured at 90 MeV, and have been scaled down by 8 % to take the energy dependence of the pd cross section into account. The unfilled symbols show the same ratio at 250 MeV [62] . the theory predictions. Overall, the ratio is close to unity, but there is an oscillatory behaviour, with nd cross sections about 20 % lower than pd around 90 degrees, and 20 % higher than pd around 120-160 degrees. If this is not due to experimental artifacts, one possible explanation could be isospin dependence in the 2N or 3N models, or both.
In Fig. 4 , the ratio nd/pd data at 95 MeV is displayed. There is no highquality pd experiment at 95 MeV, but recently data at 90 MeV have been published [63] , and an experiment at 100 MeV is under analysis [64] . In the figure, the 90 MeV data have been used, scaled to 95 MeV (8 % reduction in cross section, derived from the energy dependence of predictions based on the AV18 2N force [2] in combination with the U-IX 3N force [11] ). No theory prediction of the Coulomb correction is presently available at this energy.
It can be noted that like at 250 MeV, the nd data are above the pd data J. Blomgren et al.
Three-body forces in nd scattering at 95 MeV in the 100-160 degree range, although slightly less so. It should be noted, however, that, if the pd data are renormalized further down by 5 %, which is their reported systematic uncertainty, the effect is compatible with the situation at 250 MeV.
Conclusions
We have measured the full nd angular distribution at 95 MeV in three independent experiments, using the MEDLEY setup and the SCANDAL setup either in deuteron or neutron detection mode. The absolute normalization was obtained relative to either the np cross section or the total 12 C(n,n) elastic scattering cross section, with an accuracy of ±4%. We obtained excellent precision in the angular range of the nd cross-section minimum. The data are in good agreement with Faddeev calculations using modern NN potentials and including 3N forces from a 2π-exchange model, while the calculations without 3N forces fail to describe the data. CHPT calculations at nextto-next-to-leading order represent an improvement compared to calculations with NN forces only, but still underestimate the data in the minimum region.
The present experimental work provides valuable pieces of information with the purpose of being able to describe nuclear interaction from the basic interactions between nucleons. The np and nd data help to refine the NN and 3N potentials as well as effective field theories, which can be applied in systems of more than three nucleons. Thanks to the ongoing advances in computational resources, microscopic calculations directly producing nuclear shell structure from two-and three-nucleon potentials have become feasible and have been attempted for nuclear masses up to A=13 [11, 65] . The inclusion of a 3N potential in these calculations has generally a positive effect on the nuclear binding energy and on the level ordering and level spacing of the low-lying excitation spectra. The success of this method depends on the quality of the 3N potentials, which can be effectively tested versus experimental data in three-nucleon systems.
